Replacement of a natural hip joint with an artificial is one of the most commonly used surgical procedures in orthopaedic surgery. This paper describes the methodology of the hip joint prosthesis design, which presents the foundation for the automation of all stages of the development of custom-made prostheses. A general mathematical model based mostly on B-spline surfaces is used in order to define the prosthesis geometry. In order to verify the method, a software solution was developed and used for designing prostheses based on ten diagnostic images obtained by various methods. The results of the analysis of the ten designed prostheses, out of which five manufactured, show that deviations from the desired values are less than the errors caused by diagnostic imaging.
INTRODUCTION
The surgical procedure of replacement of the natural joint of the hip with artificial one and establishment of the patient's lower limb function is one of the most commonly used procedures in orthopedic surgery. Research shows that over 500,000 procedures of this type are carried out every year in the US and UK alone [1] . As a consequence of the modern way of life, a significant increase in the number of diseases whose treatment requires replacement of the hip joint with an artificial one is expected in the near future [2] .
A large number of studies in the field of hip orthopaedics aim at increasing the endoprosthesis' lifetime and the comfort of its use by studying the mechanisms of postoperative complications and using these findings in the design process. Thus far, loosening studies indicate the importance of the dimensions of hip endoprosthesis [3] , applied materials [4] and body characteristics of patients [5] . Another significant cause of failures, fatigue fractures, may happen due to inadequate endoprosthesis [6] and tribological processes [7] . In addition, inadequate dimensions and materials choice may make unpleasant changes for patients in terms of the hip joint squeaking [8] . This points to the fact that the causes of failures can be related to the shape and dimensions of the artificial hip, choice of the type [9] , and material structure [10] as well as tribological processes [11, 12] .
Based on the results of these studies, it can be concluded that improvements in the hip endoprostheses' characteristics can be achieved by using a personalised approach to design, computer supported analyses in order to optimise the characteristics [13] and production. Recent studies indicate that the custom made endoprostheses allow considerably improved fittings of implants to the bone [14] and biomechanical characteristics [15] as well as significantly lower failure occurrences [16] . However, their application in clinical conditions was only possible in the last few years after the perfecting of the tomographic image segmentation process allowed the reconstruction of the pelvis region [17] and the definition of parametric CAD models of the bone [18] , followed by the application of technologies that enable the production of implants in an acceptable time period using subtractive [9] , or additive, [19] technologies. This paper presents the original methodology of designing the prosthesis of the hip joint according to the patient's measurements. It is based on the following assumptions: for the automation of the design process of the body of endoprosthesis of the hip joint, it is appropriate to apply a general geometric model based on the mathematical description of the outer surface of the endoprosthesis using NURBS surfaces, and that arranging the sequence of defining the parameters describing the model allows flexible defining of correlations primarily according to the geometry of the femur, as well as characteristics of diseases, materials and tribological processes in the body.
For the purpose of verification of the procedure, a specialised software solution was developed based on which a number of hip endoprostheses were designed and developed.
MATERIALS AND METHODS 2.1 Basic Geometric Elements of Morphological Endoprosthesis According to Patient's Characteristics
The shape and dimensions of hip joint endoprostheses depend on a number of parameters, among which the most important are: type and severity of the disease, age of the patient, morphological characteristics of the patient's femur and pelvis, to name but a few. By improving the implants' structure as well as the surgery itself, a large number of different types of endoprostheses were developed, which are categorised by the international standard ISO 7206-1.
Structurally, hip joint endoprostheses contain two components ( Fig. 1 ): acetabular and femoral.
Figure 1 Hip joint endoprosthesis
The first makes an artificial hip joint that forms the connection between the femoral bone and the pelvis. The second, femoral part (the "body" of endoprosthesis) is making a connection between the artificial joint of the hip and the femoral bone.
The acetabular component ( Fig. 2 ) consists of artificial femoral head, acetabular liner and shell. The choice of the acetabular component is restricted by the morphology of the pelvic region as well as the characteristics of the disease.
The body of the hip joint endoprosthesis is, from a geometric and functional point of view, a complex unity consisting of three segments of different shape and role in the artificial hip joint. According to the position in the femur, the segments are divided into distal, medial and proximal [20] (Fig. 3 ).
Figure 3 Segments of the body of the endoprosthesis
The distal segment plays a role in positioning the body of endoprosthesis into the medullary canal and forming the final bond strength between the endoprosthesis and femur.
The medial segment of the body of endoprosthesis is the part that follows the shape of the medullary canal and the line of the femur neck. The geometric shape that describes this segment consists of a complex surface, which by satisfying certain criteria depends on the geometry of the femur. The proximal segment of the body of endoprosthesis is structurally the most complex part of the artificial hip. It contains a geometric form that replaces the removed neck of the femur and provides a connection to the artificial hip joint. The proximal segment consists of ( Fig. 4 ):
• Supporting part (Bps). The basic role of this part is to provide an appropriate support for endoprosthesis. • Proximal segment neck (Nps) replaces the natural neck of the femur and ensures the proper distance between the femur and the centre of the hip joint (offset).
• Connection Element (Tps). It provides a link between the artificial femoral head and the body of endoprosthesis, which is most often made in the form of a cone.
FTN-Custom Hip Design Method
As a result of the analysis of the morphological, kinematic and dynamic characteristics of the femoral bone and hip joint, research carried out in the previous period resulted in a large number of geometric parameters relevant to the definition of the endoprosthesis body [21, 14] . Depending on the type of endoprosthesis, ISO 7206-1 standard defines a different number of geometric parameters that can be used to characterise certain type. The development of custom made endoprosthesis involves a significantly greater number of parameters because, in addition to the basic objectives of the surgical procedure (restoring the function of the diseased hip), further objectives are included, such as reduced invasiveness of the procedure and patient recovery time. The methodology of hip joint endoprostheses development using computer support includes a systematic approach to defining geometric parameters which are grouped according to their importance regarding the shape and function of the prosthesis. The custom hip design methodology is based on the application of three sets of parameters for defining the geometry of the endoprosthesis body. According to the purpose and stage in which they are used, the parameters can be categorised by their effect on: location and overall dimensions, orientation, and the shape of endoprosthesis ( Fig. 5 ).
Figure 5 Parameters of the endoprosthesis
Methods for defining endoprosthesis parameters may vary depending on the type of diagnostic imaging. Parameters that describe endoprosthesis geometry are the consequence of the femur's morphology, nature and stage of the disease, implementation procedure and endoprosthesis' materials, to name but a few. The abbreviation FTN in the name of the method represents a local acronym for the Faculty of Technical Sciences, where the idea of modifying the geometry of endoprostheses using the categorised parameters was created.
Parameters of Location and Overall Dimensions of Endoprosthesis
The first phase of endoprosthesis design covers the definition of basic geometric parameters that determine the overall dimensions and the optimal position of endoprosthesis after implementation in the skeletal system. In this way, by having the goal in mind (restoring the geometry of the hip joint), the foundation for defining the elements of endoprosthesis is created.
Location parameters are determined by the morphology of the femur and the criteria governed by the disease (Fig. 6 ).
The centre of the femoral head represents the point around which the femoral bone rotates in the hip joint. The position and dimensions of the femoral head are utilised in the dimensioning of the artificial hip joint, which is typically manufactured in different sizes. These dimensions are obtained by determining the centre of the sphere which describes the cloud of points representing the femoral head on the processed diagnostic image. This can be done by applying the least squares method to the sphere equation, for a set of u points which describe the entire femoral head or one of its parts.
The unknown values of r, x c , y c and z c are calculated from the system of equations obtained by equalling the partial first derivatives of Eq. (1) for all variables to zero.
Figure 6 Endoprosthesis parameters of location
If the input data are in the form of a planar diagnostic image, femoral head information is obtained by approximating the points with a circle and subsequently determining its centre.
Anatomic axis of the femur is a linear function that describes the line of the femoral canal. This rule is obtained by using the least squares method on the equation of line in space, based on the n set of points which determine the position of the centre of inscribed circles in the medullary canal profile (2).
The femoral neck axis is described by the line that determines the line of the femoral neck starting from the axis centre of the femoral head. One of the most effective methods for defining this rule is based on defining a cone that approximates the set of points on the femoral neck ( Fig. 7) .
The position of the prosthesis support in the femur describes the geometry of the endoprosthesis body at the transition from the medial to the proximal segment. The shape, dimensions and orientation of this part of the endoprosthesis body is directly dependent on the type of surgical method of removing the head and the femoral neck. 
Parameters of Orientation
The geometric characteristics of the pelvic region after the incorporation of endoprosthesis significantly depend on the implants orientation in the femoral bone [22] . For the endoprosthesis design process, the angles which define the position of the head and neck in relation to the body of the femur are of great importance: cervicodiaphyseal (CCD) and anteversion (A) angle ( Fig. 8 ).
Figure 8 Parameters of orientation
The CCD (cervicodiphyseal) angle determines the incline of the neck towards the body of the femur and is calculated based on their axes [23] .
The angle of anteversion (A in Figure 8 ) is defined as the angle between the axis of the femoral neck and the coronal plane [24] .
Parameters of Shape of Endoprosthesis Body
The developed methodology for describing the geometry of the endoprosthesis body uses a modified general mathematical model of endoprosthesis [25] , in which two complex surfaces described by non-uniform rational polynomial B spline (NURBS) surfaces are utilised to define the shape of the femoral part of the implants.
The distal part of the femoral segment of endoprosthesis is of simpler structure due to the fact that the anatomical axis of the femur follows a linear trend.
The second element of the polynomial surface is based on a closed polynomial curve of the sixth order:
The medial part of the endoprosthesis is also described by the NURBS surface where the axis of the endoprosthesis neck is depicted by a polynomial whose tangent in the end portion corresponds to the femoral neck axis equation. 
Utilisation of the exact mathematical description of the femoral part of endoprosthesis provides flexibility of geometry which enables: obtaining different endoprosthesis sections and automatic control of endoprosthesis shape parameters according to the shape and structure of the medullary canal of the observed femur.
The remaining parameters of the endoprosthesis shape refer to the proximal segment of the endoprosthesis body, which, in practice, exist in several variants. Their geometry is based on geometric models in which the parameters determine the shape and dimensions of the supporting part A, the cone B and the artificial femoral neck C ( Fig. 9 ). 
RESULTS
The possibilities of applying a certain methodology in the product development process are directly related to its suitability for application under different conditions. Accordingly, the evaluation of the proposed methodology for the design of endoprosthesis can be accomplished through a series of activities aimed at: (1) Assessing the flexibility to different forms of input information, (2) Evaluation of the success of establishing the desired geometry of the pelvis region, (3) Determination of the benefits for application in program systems for computer supported design, (4) Assessing the suitability for further improvements, (5) Possibility for automated design process.
For the purposes of evaluating the methodology of designing the body of hip joint endoprosthesis software has been developed which enables the design of the endoprosthesis body and the selection of the acetabular component. The software was implemented by utilisation of Catia V5r21 Automation subsystem that enables the formation of own functions for defining and manipulating geometric shapes in product development processes. In this way, it is possible to use the basic software function for the modelling, importing and processing of diagnostic images (spatial/tomographic and planar) in the application of own methodology of prosthesis design.
The software is realised as a special workbench that contains the functions necessary for the development of endoprostheses categorised into five toolbars: • Input information, • Definition of location and overall dimensions of the endoprosthesis, • Definition of orientation, • Definition of shape of the endoprosthesis, • Analysis of the designed solution.
The geometry of endoprosthesis is defined by surface modeling, after which it was transformed into a solid model for further design purposes. The distal part is described by six contour shapes defined by the closed spline functions (of the sixth order), with all the control points (x and y coordinates) defined by the parameters and controlled by the relationships that characterise the curve. The guiding curve, which defines the surface conductors in this section, is described by an open polynomial of the second order.
The shape of the medial part is defined by six contour forms also described by the closed spline functions (of the sixth order) whereby the guiding curve is a fourth-oder polynomial. The entire femoral part of endoprosthesis (distal and medial) was obtained by forming a common multi-sections surface containing the said profiles guided by the resulting curve attained by integration of the partial guiding curves. The surface thus obtained is added to the proximal part of the femur model which is defined by the surface forms, deternined by the standard of the bond between the artificial head of the femur and the body of endoprosthesis, as well as additional shapes conditioned by the requirements of the technology of manufacturing and assembly into the body (Fig. 10 ).
Figure 10 Graphical definition of endoprosthesis body
In order to evaluate individual activities that are implemented according to the proposed methodology, all functions of the software are realised independently, in the form of special commands (Fig. 11 ). realised in such a way that the user is able to choose between: selection of points, input of coordinates or automated location calculation (Fig. 12) .
In the process of evaluation of the methodology, ten endoprostheses were designed based on the images of different patients. In this process, different types of diagnostic images were used. Tab. 1 provides the basic characteristics of the diagnostic images used in this study.
Verification of the methodology by designing endoprostheses was realised in three phases. These phases are: • Partial design based on planar diagnostic images, • Endoprosthesis development by manual defining of the endoprosthesis parameters for a cloud of points that describes the femoral bone and • Automated endoprosthesis design by using diagnostic images. The initial phase of the verification is implemented by means of planar diagnostic images obtained by a digital Xray apparatus. Based on the digital planar images, it is possible to determine the most of the location parameters of the endoprosthesis (position of the centre and the diameter of the femoral head, the axis of the body and the neck of the femur in the projection of the measurement and the location of the end of the distal part of the endoprosthesis) as well as the individual parameters of orientation (CCD angle, and in case of multi-planar imaging -anteversion angle). The RADIAnt Dicom Viewer version 4.0.3 software was used for their determination. Images analysis demonstrates three geometric models of endoprosthesis ( Fig. 13 ).
Figure 13 Phase I of the verification
As a result, the most important geometric parameters of the designed endoprostheses are given at the bottom of Fig. 13 .
By analysing the results, it can be concluded that the values shown in Fig. 13 should be taken with a certain reservation, since the accuracy of the measurement depends on several factors related to the imaging process and the characteristics of the device.
The second phase of the verification includes the characterisation of endoprosthesis based on the manually entered parameters of location and orientation determined by the processing of tomographic images. Input information is in the form of a cloud of points obtained by processing diagnostic images. In the verification process, a program system developed in [26] was used for obtaining the cloud of points. The design process was realised interactively, using a dialog supported correction of geometry parameters of endoprosthesis and visual integration into the geometric shape of the femur. This procedure was carried out on four diagnostic images, with two endoprosthesis bodies created by a Fused Deposition Modelling (FDM) method in order to visually control the correlation between the entered parameters ( Fig. 14) .
Figure 14 Produced endoprostheses
Following the definition of endoprostheses and the formation of their assembly with the reconstructed femur, the application of the CATIA program system determined the following values: femoral head diameter, neck axis, femur body axis, offset, CCD angle and angle of anteversion.
The control of the obtained values was done by comparing the acquired values with the parameters measured on the images in the 3D Doctor 4.2 software.
The error values are shown in Fig. 15 (in brackets) alongside the geometric parameters of endoprostheses obtained by design.
The obtained results indicate the advantages of applying this procedure in the prosthesis design as well as the possibilities of application in combination with commercial software for diagnostic images processing. The final phase of verification involves the design of endoprostheses based on tomographic images by utilising an automated procedure for defining geometry. Input information was obtained by automatic acquisition of endoprosthesis parameters. This involves the external and internal geometry of the diseased bone in the form of a matrix of coordinates of the boundary points on the contour and the processing in order to determine all the essential geometric elements of femoral morphology. This information is transmitted to the endoprostheses design software in form of a matrix of femur geometry (cloud of points) and metadata with parameters which are important for defining endoprosthesis. Verification was applied to the first three CT images ( Fig. 16) .
As a result, three models of endoprostheses were obtained that were also physically made using the milling centre ( Fig. 17a and b ) and the FDM method (Fig. 17c ).
This verification segment is used for analysis of the possibility of applying all parameters, as predicted by the methodology, in the appropriate design phases.
Figure 17 Physical prototypes of endoprostheses
Physically made endoprosthesis models were analysed from the standpoint of deviation of the characteristic points on the surface of the model from the nominal dimensions defined by the CAD model. Due to the complexity of endoprosthesis geometry, the analysis was performed utilising the CAD Inspection method, by scanning the prosthesis surfaces using the contact method and by comparison with the given values on the geometric model. For surfaces scanning, the coordinate measuring machine Carl Zeiss Contura G2 1000 RDS was used (Fig. 18a ). PowerInspect software was used to process the results (Fig.  18b ). Tab. 2 shows the results obtained by testing. 
DISCUSSION
The formation of the design process methodology of the hip joint endoprosthesis body can be seen from several perspectives. These are: scientific and commercial justification of the research, observed advantages and disadvantages of the set methodology and planned further activities on its improvement.
The basic advantage of the described methodology is the formalisation of all stages of the development and production of custom made implants. Additionally, defining the parameters of the endoprosthesis geometry and their association with bone morphology creates possibilities for partial or complete application of the methodology, depending on the available methods of the diseased femur imaging technique. This refers to the possibility of partial defining of implants in the application of planar imaging. There is a significant area left for its expansion with new parameters and criteria (e.g. alignment of the endoprosthesis shape with the thickness of the cement layer in the cemented endoprosthesis or the geometry of the femur in the non-cemented endoprosthesis, to name but a few).
In addition to the advantages, the analysis of the proposed methodology also pointed out to the shortcomings, elimination of which presents the base for further work in this study area. One of the shortcomings is the dependence of the design results on the factors determined by the diagnostic imaging (type and characteristics of the device, adherence to the imaging procedure, etc.).
The procedure for the development of patient-specific endoprostheses using modern engineering tools provides the possibility of designing and producing with microspatial deviations from the given values. In doing so, the process of diagnostic imaging and processing of images in real clinical conditions provides significantly less accurate input information but it does point to the improvement directions. In addition, the process of implementation of endoprostheses creates the possibility of disturbing the planned artificial hip geometry with the designer not having much impact on the ultimate goal.
The results obtained by CAD Inspection of the developed endoprosthes indicate that, from the engineering point of view, there are relatively large deviations from the nominal values. These values are significantly higher in prototypes made by utilising the FDM method. This was to be expected taking into account the shrinking of the material out of which the prototype is made (ABS filament). Measured errors are within the boundaries of the research on this subject [27] . Endoprostheses made on the CNC Machining Center give significantly better results that are also within the applicability limits (taking into account the expected precision of implant making), even though the technological endoprosthesis planning has not taken into account some of the essential parameters of importance for the accuracy of complex workpieces such as the use of biocompatible materials, dynamic effects of the cutting process and tolerance in the approximation of complex surfaces on CNC machines).
Research on custom made endoprostheses has to be evaluated through the application of cost-effectiveness and the necessary time for their realisation, taking into account the development status of diagnostic techniques as well as the technology of making implants. Despite significantly higher prices, research indicates an increase in the need for patient-specific endoprostheses, primarily in the revision (an increase of 140% is expected in the US over the coming period) [28] and reconstructive procedures. The number of such procedures indicates the market existence, whose growth prospects may influence primary endoprosthesis market as well. The argument for this is the fact that the described research has proven the possibility of development (processing of diagnostic images, conceptualisation, designing, FEA analysis) and the fabrication of endoprostheses within 12-16 working hours period, which indicates the competitiveness of this kind of research.
CONCLUSIONS
The process of designing and fabrication of the hip joint endoprosthesis has been a very interesting research area which still attracts considerable engineering activities. The main reasons for such interest are the complexity of biomechanical conditions, the influencing factors on the operation success and the endoprosthesis lifetime, as well as the cost-effectiveness of implant production.
The proposed methodology for the endoprostheses design is part of the authors' research on the subject of implants development in orthopedics. The hypotheses that were set in this research were completely fulfilled by the implementation of the geometric model and the methodology of defining its parameters within CAD environment in the form of developed software, as well as by creation of physical prototypes and CAD Inspection which confirms the possibilities of managing geometric parameters by using existing and introducing new correlations with the desired factors.
In addition to the advantages, the conducted research also pointed to the shortcomings of the described approach, as it is necessary to include the aforementioned parameters (tribological and technological) in the software and correlations, as well as additional parameters related to the operative procedures for the endoprostheses implantation and bone preparation. All of this points to the complexity of the problem and the necessity of further multidisciplinary research within this area.
